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 INTRODUCTION I.

Insulating systems are a key part of any high voltage (HV) apparatus used in power generation, energy transformation and 

energy transportation. Bushings, rotating machines, spacers and cable terminations are only some examples of applications 

that require well designed and reliable insulating systems. In an ongoing effort to make power systems more reliable, 

sustainable, as well as meeting the growing demand in electricity, changes in the existing insulating materials are inevitable. 

However, most of the organic materials used for high voltage insulation like, i.e. epoxy resins, are prone to degradation due 

to electrical discharges and usually feature rather low thermal conductivities. Further, considering increasing electro-thermal 

stresses on electrical insulation systems due to growing operating voltages and power ratings, there is an impelling need for a 

new generation of insulating materials with improved dielectric and thermal performances. 

 STATE OF THE ART II.

In the past, the above mentioned deficient properties of HV insulating materials have been counteracted by the addition of 

micrometric inorganic filler materials, e.g. silica, which can render the resulting microcomposites more resilient to electro-

thermal stresses and improve parameters such as thermal conductivity and erosion resistance. 

During the last decade though, much has been reported about a novel class of dielectric materials: the so-called polymer 

nanocomposites or nanodielectrics, featuring nanometric filler particles [1-4]. However, such nanodielectrics only unfold 

their full potential when good dispersion and distribution of those filler particles within the matrix are achieved. Albeit, due 

to the incompatibility of inorganic particles with the organic polymer, dispersion and distribution are regularly compromised, 

resulting in agglomerations of nano particles, often leading to aggregates with submicrometric or micrometric dimensions. 

In order to enhance the interaction between inorganic filler particles and organic matrix, and hence, improve the dispersion of 

such particles in polymers, the functionalization of nanofillers has become rather common. Surface treatments with coupling 

agents such as silane [5-7], or more complex processes, like grafting organic brushes on particle surfaces [8], have been 

explored with varying success in the past. Still, little is known about the long-term stability of such functionalizers under 

electro-thermal stresses, which might pose a drawback to a broad industrial use in high voltage engineering. 

 MOTIVATION III.

As an alternative to nanometric silica, Polyhedral Oligomeric Silsesquioxanes (POSS) could be of interest for electrical 

insulation applications, as it is a hybrid material, consisting of an inorganic silica-like core surrounded by organic side-groups 

(Figure 1a). These organic groups can be of either reactive or non-reactive nature and therefore offer compatibility with a 

multitude of polymers, depending on the respective organic side group configuration. POSS, being a hybrid inorganic-

organic material, further combines the beneficial material properties of ceramics, like inertness and electrical insulating 

properties, with the processability of polymers. It has been denoted as a “Nano-building-block” in the past, because of its 
crystalline structure [9, 10], which enables POSS to organize a polymeric matrix through its reactive groups on a nanometric 

scale (compare Figure 1b and 1c). POSS molecules, commonly with sizes below 2 nm, are assumed to be able to dissolve 

within a polymer without forming agglomerations known from conventional nano-particles [11]. 

                    

Figure 1: (a) shows a typical POSS molecule with the inorganic silica-like core and the organic side-groups “R” which are 
depending on the respective POSS-type [12]; (b) and (c) show the proposed interaction with POSS and the epoxy matrix, 

rendering the amorphous epoxy resin (b) into a structured composite on a nanometric scale (c) 

a) b) c) 
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Moreover, Boron Nitride (BN) is also a very promising material for dielectric composites especially due to its high thermal 

conductivity, excellent mechanical features as well for its electrical insulating properties [13, 14]. In addition, it’s chemical 
inertness [14] could be of benefit for surface degradation processes of electrical insulation systems. Recent researches have 

shown improved thermal conductivity of composites after incorporating BN in an epoxy matrix with increasing filler amount 

[15, 16] and decreasing filler sizes [17]. It has also been discovered that, besides filler size, aspect ratio of the filler plays an 

important role in thermal conductivity, where BN-platelets showed superior properties over spherical particles [16, 18]. 

Further on, dielectric BD strength could be improved with lowering filler sizes [17, 19], along with resistance to surface 

erosion due to PD [20]. 

Subsequently, the aim of my PhD project is to design and analyze innovative nano-structured multi-phase epoxy composites, 

which should take advantage of the specific features of both POSS and BN as filler materials, thus exhibiting improvements 

such as reduced degradation due to electrical discharges and enhanced thermal conductivities. 

 RESEARCH APPROACH IV.

My PhD project is divided into three main steps: 

In the first step, nano-structured epoxy/POSS composites are fabricated, using various reactive liquid POSS additives, which 

are compatible with our used epoxy system. Accordingly, the filler can form covalent bonds with the epoxy matrix, which is 

supposed to change the morphology of the epoxy by increasing the order locally, and consequently, nano-structure the epoxy 

network (see Figure 1c). 

In the second step, hexagonal boron nitride (h-BN) and cubic boron nitride (c-BN) with submicrometric and micrometric 

particle sizes are used to fabricate epoxy/BN composites with improved thermal conductivities. For all of the retrieved 

epoxy/POSS and epoxy/BN composites, the dielectric and thermal properties are evaluated for various filler types and 

concentrations, in order to find the most promising constituents and their optimal concentrations for designing the multi-

phase composites in the third step. 

In the third and final step, novel nano-structured multi-phase epoxy composites featuring both POSS and BN are designed 

and characterized. These materials are expected to have both enhanced dielectric and thermal properties due to the impact of 

both fillers. Considering that the incorporated POSS is forming covalent bonds with the epoxy matrix, the additional BN 

filler will now be integrated in an organized and structured epoxy/POSS network (see Figure 1c) instead of an amorphous 

epoxy (see Figure 1b). We expect this change in morphology to affect the interaction of BN with the network, and we aim to 

achieve a synergetic effect, where the hybrid POSS with its inorganic core and the organic side-groups could act like a 

functionalizing agent, and hence, improve the integration of BN in the epoxy/POSS matrix. 

In order to evaluate the potential of our created composites for industrial use in HV insulation systems, all single filler and 

multi-phase composites are characterized by means of broadband dielectric spectroscopy (BDS), AC breakdown testing, 

surface erosion due to partial discharges and thermal conductivity measurements. Thermal analysis like Differential Scanning 

Calorimetry (DSC) will give deeper insights on the materials morphology and reticulation states of our composites. In 

addition, morphological investigations will help to understand the achieved results of incorporating the various fillers in 

epoxy, by revealing the intrinsic structures of the composites. Therefore Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM) and Atomic Force microscopy (AFM) are used. Finally, analytical and numerical modelization 

will be conducted, to further understand the underlying mechanisms observed for our composites. 

 RESEARCH ADVANCES V.

A. First step: Nano-structured epoxy/POSS composites 

Using a first type of POSS with a low degree of reactivity, viz. 3 epoxy side-groups around the silica-like core, we could 

already observe some beneficial impacts, such as a significantly improved erosion resistance of up to 60 % less eroded 

sample volume compared to the neat epoxy, obtained by addition of only 1 wt% of POSS (see Figure 2a). Additionally, 

improvements were observed for the thermal conductivity (see Figure 2b) of the epoxy/POSS composites of around 10 % for 

composites with POSS contents below 5 wt%, when compared to the neat polymer. These results, along with the obtained 

AC breakdown strengths and their dielectric properties, have been presented orally at EIC 2014 [21]. 
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Figure 2: Evaluation of the erosion resistance (a) and the thermal conductivities (b) of the epoxy/POSS (ePOSS) composites with 

the low reactive POSS additive 

A second type of POSS with a high degree of reactivity, viz. 8 to 12 epoxy side-groups, has shown to enhance the dielectric 

properties of the respective composites even more distinctly, resulting in a 50 % to almost 90 % decrease in eroded sample 

volume compared to neat epoxy (Figure 3a), for composites containing from 1 up to 20 wt% POSS, respectively. AC 

breakdown strength was found to be increased for all POSS composites by approximately 20 %. The highest thermal 

conductivity was measured for the 1 wt% POSS composite which had a 20 % higher thermal conductivity than the neat 

epoxy (Figure 3b). These results will be presented orally at CEIDP 2014 [22]. 

          

Figure 3: Evaluation of the erosion resistance (a) and the thermal conductivities (b) of the epoxy/POSS (ePOSS) composites with 

the highly reactive POSS additive 

B. Second step: Epoxy/BN composites 

With h-BN the most promising thermal and dielectric performances were observed for composites with submicrometric 

particles, with an increase of more than 15 % in thermal conductivity and over 30 % less eroded sample volume, for 

composites with 5 wt% of h-BN compared to the neat epoxy. These results, along with other calorimetric and dielectric 

properties, have been published in two conference papers at EIC 2013 [23] and ICSD 2013 [24], along with a recently 

accepted paper in the IEEE Transactions on Dielectrics and Electrical Insulation [25]. 

In comparison, epoxy/c-BN composites with 5 wt% submicrometric particles revealed a significantly higher thermal 

conductivity, with an improvement of 26 % compared to neat epoxy, mostly attributable to the isotropic thermal conductivity 

of the cubic BN particle. These findings will be presented at CEIDP 2014 [26]. 

C. Future work 

In the following academic year 2014-2015 the multi-phase epoxy composites will be fabricated and analyzed. Due to the 

notably higher and isotropic thermal conductivity, c-BN will be selected as the thermally conductive phase. According to the 

findings for POSS, 1 wt% and 2.5 wt% seem to be the most promising contents regarding the good thermal conductivities 

and dielectric performances. Both POSS additives will be used separately to create multi-phase composites with c-BN and 

their respective effects on the interaction with c-BN shall be studied. Further, the characterization of c-BN composites 

(erosion, AC breakdown etc.) will be completed. 

In order to understand the complex behavior of our composite materials, their parameters such as the thermal conductivity 

will be modeled using commercial FEM software, in addition to applying analytical models. 

a) b) 

a) b) 
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 EXPECTED INDUSTRIAL IMPACTS VI.

A. Specific benefits of POSS 

Based on the above presented results, our POSS composites and the used POSS additives have the potential to significantly 

improve the dielectric and thermal performances of a multitude of epoxy based insulation materials. Due to its reactivity and 

its epoxy-like viscosity, it can be implemented into various production and processing methods, such as casting (e.g. 

bushings, spacers and cable terminations) and even in Vacuum-Pressure-Impregnation (VPI) or Resin-Rich (RR) processes 

for rotating machine insulation. Additionally, POSS offers the possibility to tailor the properties of the epoxy composite 

according to its specification, such as improved thermal conductivity and enhanced erosion resistance with low POSS 

contents for applications in i.e. rotating machines, or very high POSS contents for substantially improved resistance to 

erosion due to electrical discharges, which could be interesting for applications such as spacers for gas insulated switchgear 

(GIS) or gas insulated lines (GIL). 

B. General industrial benefits 

The prospective industrial benefits of our proposed multiphase-composite materials can generally be divided in two main 

categories: improvements in thermal and dielectric performance. 

Thermal performance: 

Improving the thermal conductivity of electrical insulation allows better dissipation of heat, which accumulates due to joule 

and dielectric losses in an insulation system. Consequently it would be possible to attain higher power ratings at the same 

build size or increasing the voltage rating and therefore the insulation thickness, without trapping the heat inside the 

insulation system. Further, the thermal endurance of an insulator and therefore the life time of high voltage equipment could 

be elongated. In fact, any significant increase in thermal conductivity without deterioration of the dielectric properties is a 

major gain for applications in electrical insulation engineering. 

Dielectric performance: 

Speaking about dielectric performance, especially good electrical insulating properties such as low dielectric losses, high 

dielectric breakdown (BD) strength, as well as improved resistance to erosion due to partial discharges or ambient influences 

to name a few, are of interest. Improving those parameters will lead to insulating materials with extended dielectric 

endurance and therefore increased sustainability. Further, with increased BD strength, insulation thicknesses in high voltage 

apparatus could be reduced, resulting in a significant gain in efficiency, heat dissipation and cost reduction. 

 DELIVERABLES VII.

Certainly, any significant findings will be presented to the scientific community by further participation in DEIS-sponsored 

conferences (EIC, CEIDP). Even more, since the above presented results will be complemented with additional 

measurements and FEM modeling, we will be able to further understand the global behavior of our promising composite 

materials. Thus, during the next year, we are planning on sharing our findings with the scientific community by submitting 

additional papers to the IEEE Transactions on Dielectrics and Electrical Insulation. 

 RESSOURCES VIII.

All the materials needed for fabricating composites (epoxy resin, BN, POSS) along with the molds, the tools needed for 

dielectric and thermal characterizations, as well as those used for morphological investigations are available in our labs. 

Commercial multi-physics simulation software (Ansys®, Matlab®, Comsol®) is also available through my university’s 

educational platform. 
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